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larity. (It corresponds to the setup in Ref. 5 to
initiate island formation in a reversed pinch. )
However, the model and its subsequent physics
are general enough to pertain to many other cases,
since nonlinear developments are common over
many situations, e.g. , the external driven pinch
reconnection, the development of the internal
coalescence instability, etc.
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Plasma heating by near-perpendicular injection of up to 7.2 MW of neutral-beam power
has been studied in the PDX tokamak. Collisionless plasmas with central ion tempera-
tures up to 6 keV have been obtained. The total plasma energy, which is dominated by
contributions from beam and thermal ions, rises l.inearly with increasing beam power.
The ion heating efficiency in PDX is comparable to that measured in the Princeton Large
Torus with tangential injection.

PACS numbers: 52.55.Gb, 52.50.Gj, 52.55.Pi

Neutral beams have been used for auxiliary
heating in many tokamak experiments. In most,
the beams have been injected essentially tangen-
tially to the toroidal magnetic field. For future
large machines, perpendicular injection is attrac-
tive for achieving good beam penetration at beam
energies that are practical for positive ion
sources. Up to —1 MW was injected near-per-

pendicularly into the TFR tokamak. ' On the
Poloidal Divertor Experiment (PDX), these re-
sults have been extended to power levels of 7.2
MW to examine the effectiveness of perpendicular
injection in heating plasmas to the high-tempera-
ture, low-collisionality regime which will be
typical of the next generation of devices.

The PDX tokamak is described by Meade et al. '
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FIG. 1. The central ion temperature in circular hy-

drogen discharges (g ~& 1.97 T) increases with P~b, /'n,

during deuterium injection as determined by charge-
exchange measurements.

Neutral-beam injection experiments have been
conducted in both circular cross-section limiter
discharges with water -cooled carbon limiters
and in inside-dee diverted discharges, in which
titanium neutralizer plates absorb the incident
power. In both configurations, titanium gettering
in the upper and/or lower domes is used.

The PDX beam injection system developed by
the joint Plasma Physics Laboratory-Oak Ridge
National Laboratory Heating Project consists of
four beam lines each with a 50-keV ion source. '
The beams are oriented to inject along the direc-
tion of the plasma current at a tangency radius
of 35 cm, giving an angle of 14 from the perpen-
dicular at the center of the vessel. The maxi-
mum power injected into the vessel is 7.2 MW

with deuterium beams and 5.5 MW with hydrogen.
The beam duration is typically 150 ms, which is
long enough to obtain thermal equilibrium.

The central ion temperature is deduced from
measurements of the Doppler broadening of Ti-
XXI Kn line at 2.61 A with a crystal spectrometer
and from measurements of the charge-exchange
neutral spectrum. During high-power injection
into plasmas of line-average density, n„ less
than 4~10" cm ', these measurement techniques
agree within 10'fo.

Figure 1 shows the central ion temperature as
a function of P,b, /r7, for limiter discharges with

n, in the range of (2-4) &10" cm '. P,b, is the
injected power less the power calculated to shine
through the plasma. In high-current (500 kA)

and high-field (2.2 T) discharges, ion tempera-
tures of up to 6 keV were obtained. In these high-
temperature plasmas, the ion collisionality, v, *,
reached a minimum of -2&20 ', with v,.*&0.2
over more than half of the minor radius.

The ion heating quality factor, defined as g,.
-=r7, &T;/P, b„ is a, useful parameter to describe
ion heating and in particular to make compari-
sons with the results from PLT (Princeton Large
Torus) experiments. We have found using our
transport analysis code" that g, depends upon
ion thermal transport (conduction plus convec-
tion), but is relatively insensitive to other vari-
ables. The transport calculations include elec-
tron-ion coupling, a convective loss term [-,' V

x(n, T, v„)], a.nd neoclassical thermal conduc-
tivity, ' z, , enhanced by an adjustable factor.
Either multiplying or dividing a typical n, (r) by
1.5 with T, (r) fixed, we find that q; calculated
in the code remains nearly constant. When we
fix n, but vary the shape of the density profile
from the square root of a parabola to a parabola
squared, we find that g,- is again constant be-
cause the improved penetration with peaked pro-
files is compensated by the increased particle
density of the central region. Varying T, (r)
across the profile by 15% we find b.T;(0) = b,T, (0);
hence, for T, (0)»T, (0), g, is relatively insen-
sitive to T, . Varying the assumed Z, q& in the
plasma composition from 1.5 to 3 has little effect
on the calculated q,-. Finally, varying the beam
tangency radius from 35 cm (PDX) to 124 cm
(PLT) at n, =3 &&10" cm ' does not change g;
despite small differences in the beam deposition
profile. However, in high-current discharges
that were studied, g,. was found to be approxi-
mately inversely proportional to ion thermal
losses from the core (x ~a/2).

From Fig. 1, it is seen that the ion heating
quality factor has reached values up to 4.5 &10"
cm ' keV MW ' in the PDX high-current dis-
charges, although rj; is somewhat variable. In
discharges with lower currents, g, is smaller.
In divertor and limiter discharges at the same
current I~=400 kh, the values of r~, are com-
parable. In PLT, with tangential injection,
was typically 4.5 in discharges with ion tt;mpera-
tures" of 3-7 ke V; however, during some
periods the ion heating was poorer and g,. was
about 3. The reasons for the variability in ion
heating in both devices are not known, but it is
nonetheless clear that the ion heating in PDX
with perpendicular injection is comparable to
that in PLT with tangential injection, for similar
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plasma current, toroidal field, and minor and

major radll.
For high-current (500 kA) and high-field (2.2 T)

discharges, the ion transport modeling using the

measured electron temperature and density pro-
files correctly predicts the central ion tempera-
ture in PDX with z, -(1-3)K, . The ion tempera-
ture in PI T is correctly predicted from a sim-
ilar ion thermal transport model. ' At low densi-
ties, the ion power balance is dominated by con-
vection and charge exchange, while at higher
densities (typical of PDX operation) ion-electron
coupling dominates the ion power balance. In
neither case is pure neoclassical ion heat conduc-
tion a substantial part of the ion energy balance.
In lower-current, lower-field discharges in PDX
an enhancement of the neoclassical ion thermal
conductivity by up to a factor of 5 was required
to simulate the (reduced) central ion temperature.

The electron density and temperature profiles
used in the analysis of the ion heating are meas-
ured with a 56-point, single-shot, horizontal
Thomson scattering system. A summary of elec-
tron heating results is shown in Fig. 2. For P,b,
&2 MW, in both circular and diverted discharges,
the electron temperature rise on axis is about
0.5 eV/kW which is comparable with the heating
rate on PI T. The line-average electron density
in the diverted discharges was -3.3 &10" cm '
and in the circular discharges varied from 1.7
x ].0 3 cm 3 at the lowest to 3.9 x/0
highest beam power. At higher powers, the total
stored energy continues to increase as a result
of the density increase accompanying neutral

beam injection in limiter discharges, although
the heating rate (AT, /P, b, ) is reduced. Radia-
tion losses are not significant in the electron
power balance in the core of these discharges.
Bolometric measurements indicate that the loss-
es from the core by radiation and charge ex-
change are small (-10/q of the input power), and
measurements of the soft x-ray and ultraviolet
spectra substantiate this conclusion.

In beam-heated l.imiter discharges (O'- H',
500 kA, and Br =2.2 T) the global energy con-
finement time (at x = a) for the thermal plasma.
was about 23 ms, essentially independent of beam
power. This is somewhat less than the best con-
finement time in similar (O'- H') discharges on
PI T in which ~~ was 27 to 30 ms.

Magnetic mea. surements' of l, /2+P~ were used
to investigate the scaling of the total plasma
stored energy with power. Typically, the cal-
culated change in the internal inductance, l,/2,
based on the measured electron temperature
profiles, is small compared with the change in

Pe, thus the linear increase of b(l, /2+ f3e) with
beam power shown in Fig. 3 reflects mainly
variations in Pe. In 200-kA discharges, magnetic
equilibrium analysis indicates that /3e has reached
1.7, corresponding to Pz-0. 5A/a at q(a) = aB~/
RBe=7.5. In 500-kA discharges at 2.2 T and
q(a) =3, the total plasma, pressure corresponds
to P(0) =4.4% and (P) =0.7/z. No indication of
saturation of Pe with power such as that seen in
ISX' and DITE" has been observed. In the PDX
experiments, the major contribution to Pe comes
from the beam and thermal ions. Since the elec-
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tron energy increases with beam power, the mag-
netic measurements imply that the stored energy
in the beam and thermal ions also increases
linearly with beam power.

The linear increase in beam stored energy with
power is supported by char ge -exchange measure-
ments of the beam ion slowing-down distribution.
The measured charge-exchange efflux as a func-
tion of both angle and energy shows good agree-
ment with a bounce-averaged Fokker -Planck cal-
culation for 500-kA plasmas. The magnitude of
the beam-particle charge-exchange flux is found
to be approximately proportional to the injected
beam power. At lower currents, the agreement
with the bounce-averaged calculation is poorer
(presumably because of finite banana width ef-
fects which are not included) but the linearity of
the charge-exchange flux with injected beam
power is still observed.

In order to determine if the variation of h(l;/2
+Pe) with power shown in Fig. 3 could be due to
accompanying variations in electron density, the
electron density was varied in divertor discharg-
es during beam injection from n, =(2.5 to 6.0)
x 10" cm ' by gas puffing. Under these condi-
tions, &(I,. /2+ti e)/P», did not change substantial-
ly. Thus, the variation of b.(l,./2 + P e) with power
and plasma current is not significantly affected
by associated changes in density.

In summary, ion temperatures of -6 keV at
electron densities of (3-4) &&10" cm ' have been
obtained in PDX with perpendicular injection.
Ion heating improves with current, and at 500
kA the heating is equivalent to that seen with

tangential injection in PLT. The value of Pe in-
creases linearly with injected power up to 7 MW,
even in low-current discharges where Pe has
reached 1.7 at high power.
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